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Highlights:
What are the main findings?

° A minimum population of 165,200 inhabitants is needed to enable a co-digestion.
° Energy rate of USD 0.139 with a 10-year payback can supply energy to 185,500 inhabitants.
e NPV of USD 23,336.94 with an IRR of 14.71% and LCOE of 0.103 USD/kWh.

What is the implication of the main finding?

e Itisnecessary to obtain technical data for the Brazilian reality.

e  There is a need to encourage the creation of consortia for the wide use of biogas in Brazilian
municipalities.

° Economy of financial resources for industries and public institutions, as well as the reduction of

environmental impacts.

Abstract: The elevated presence of organic material in Brazilian urban solid waste, along with
mismanagement of its disposal, can aggravate environmental problems from greenhouse gas emis-
sions to water and soil pollution. In parallel, the paper and cellulose industries consume con-
siderable resources and produce important solid wastes, including lime mud. These urban and
industrial realities present common ground, from which a little-studied alternative arises in using
biogas electrical energy from the co-digestion of the organic portion of urban solid waste using
lime mud. This intersection can reduce the environmental impacts associated with inadequate
management and disposal of solid waste, providing industry financial economy resources and
contributing to Brazilian energy grid diversification. The current study used economic—financial
indicators to evaluate the proposal’s economic feasibility. The obtained results presented a minimum
population of 165,200 inhabitants, generating 39,295.77 m?/year of methane, in order to enable
a co-digestion proposal. The sensitivity analysis indicated that a population of 185,500 inhabitants
would provide a 10-year payback, an energy rate of USD 0.139, and 44,124.49 m3/ year of methane to
supply the population with power. The net present value was USD 23,336.94, with an internal return
rate of 14.71% and a levelized energy cost of 0.103 USD/kWh.

Keywords: urban solid waste; organic fraction; lime mud; co-digestion; biogas; energy; economic feasibility

1. Introduction

Solid waste (SW) is inherent to life and human activity. Its generation accompanies
urbanization processes, population growth, and quality of life improvement, among other
factors. Estimates place the global generation of SW at 2.01 billion tons per year, and the
the sector is responsible for approximately 5% of all Greenhouse Gas Emissions (GGE),
causing atmospheric pollution and contributing to global warming.
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With the perspective of continued population growth, urbanization, quality of life
changes, and consumption standards, it is estimated that waste generation will grow by
69.15% by 2050, including increases in Urban Solid Waste (USW) [1]. Brazil follows this
growth trend for SW. In total, more than 79 million tons of USW are generated per year,
which can lead to more complex and costly management, in addition to presenting risks to
the environment and public health [2].

The National Policy on Solid Waste (PNRS—Politica Nacional de Residuos Sélidos
in Portuguese), Federal Law n. 12.305/2010, which deals with solid waste management,
establishes norms and objectives that aim to minimize the impacts of inadequate waste
disposal. Thus, the objectives of this law include zero generation, reduction, reutilization,
recycling, and treatment of SW, as well as final disposal in an environmentally suitable
manner [3]. Additionally, according to Law no. 14.026 from 2020, which updated the
Legal Framework for Basic Sanitation, all municipalities throughout the country must have
environmentally adequate final disposal defined by 2024 [4].

Another environmentally sustainable practice is the recycling of solid waste, which
is one of the most efficient ways of using energy, as it recovers raw materials used in the
production processes, where energy consumption is usually high. According to [5], one
of the most commonly used MSW treatment technologies in several parts of the world is
incineration, which, in addition to reducing the volume of MSW by up to 90%, destroys
organic contaminants. This allows for the recovery of metals, in addition to requiring small
areas for implantation. Anaerobic Digestion (AD) is another option for generating energy
from the biogases produced by the methanization of MSW. The combined use of anaerobic
digestion and incineration was used by [6]. Ashes resulting from incineration can be used
to manufacture cementitious materials, as described in [7]. Currently, the primary form of
solid waste disposal in Brazil is through Sanitary Landfills (SL). Under these circumstances,
59.9% of USW is disposed in SL, while 23.0% is disposed in controlled landfills, and 17.5%
is disposed in irregular trash dumping sites. These latter two options are not considered
environmentally friendly, as they may generate impacts that affect environmental, social,
and economic facets of society [8].

These impacts arise from the uncontrolled USW degradation processes, especially con-
sidering the organic fraction of urban solid waste (OFUSW), which accounts for 45.3% of all
generated waste [9]. This waste derives from residential domiciles, domestic activities, and
urban cleaning, including street sweeping and cleaning of public thoroughfares [10]. When
improperly managed, this waste material can have diverse impacts during its degradation,
especially with regard to atmospheric pollutants, given that methanogenic bacteria release
biogases during decomposition of organic material (OM).

Ref. [11] stated that Brazil has great potential for biogas production due to its exten-
sive agro-industrial production and the country’s population of more than 210 million
inhabitants. Even so, less than 2% of this potential is used, e.g., biogas is still largely
underexplored from chemical, economical, and political perspectives.

Biogas is typically composed of 50% to 70% methane (CHy), 30% to 45% carbon gas
(COy), 80 to 100 ppmV of ammonia (NHj3), and 1000 to 3000 ppmV of hydrogen sulfide
(H2S) and hydrocarbons (<100 ppmV) [12]. Among these gases, CHy and CO, present
the greatest risks as potential pollutants; when released into the atmosphere without
proper treatment, they are directly responsible for exacerbating the greenhouse effect. The
environmental impact of CHy is 21 times greater than CO, [13].

However, when correctly managed, biogas can be transformed from a pollutant
into a renewable energy source due to its relatively elevated lower calorific value (LCV)
of up to 35 MJ/Nm? [14]. Thus, the incentives associated with leveraging biogas have
become increasingly studied since they can lead to reductions in GGE [15], aiding in
Brazil’s compliance with commitments with various international agreements including
the United Nations Framework Convention on Climate Change (1998), The Paris Accord
(2015), Glasgow Climate Pact (2021), and the Global Methane Pledge (2021). To meet these
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objectives, Brazil instituted Decree 11.303 in 2022 [16], which incentivizes sustainable biogas
and biomethane use.

Another incentive surrounding this energy usage is the need for diversification of
the Brazilian energy grid due to environmental trends and water crises [17], which have
resulted in reductions in electrical energy supply despite facing ever-increasing demand
projected at 3.8% per year [18].

Currently, industry (32.1%) and transport (31.2%) consume almost two-thirds of the
country’s power supply [19], which is due to Brazil’s significant industrial footprint, which
is also a source of SW. Many of these industries, in turn, do not take advantage of the
energy available in their waste materials and thus do not generate clean or renewable energy.
Although industries such as paper or cellulose utilize a high percentage of byproducts as
energy sources, anywhere from 60% to 70% of consumption comes from self-production [20],
indicating that there is still room for improvement.

The Brazilian paper and cellulose industry stands out as the second largest global
exporter, producing approximately 21.1 million tons of cellulose annually [21]. This signifi-
cant generation also requires proper management of waste and rational use of resources
and raw materials. Among the byproducts generated by this industry is lime mud (LM),
an alkaline byproduct with diverse applications outside the industry. Its application as
a covering medium in sanitary landfills has already been attested to [22], and it is able to
provide economic resources of up to BRL 30 million per year [23] for the cellulose industry
while reducing environmental impacts in surrounding neighborhoods [23-25].

In addition to these applications, another use of LM was studied by [26,27]. In
these cases, the authors evaluated the use of the industrial byproduct as a co-substrate in
anaerobic digestion processes (AD) of leftover food (present in OFUSW), which occurs
in both biodigesters and SL. The results demonstrated an improvement in AD and an
increase in the generation of CHy. In the first study, the authors obtained a concentration of
272.8 mL/gVS, while in the second study, the authors reached a concentration of CHy
between 120.2 and 251.0 mL/gVS.

Anaerobic co-digestion (ANCO) has produced consistent results when applied to
different SW and OFUSW, as shown in [28]. When dealing with the waste generated
by the pork industry, the authors analyzed the influence of the addition of iron flakes
to aid in ANCO, which improved the removal of chemical oxygen demand (COD). This
happens because the OFUSW contains low Nitrogen (N) levels, maintaining an ideal
relation between Carbon (C) and N (C/N-30/1). Furthermore, the organic material contains
a relatively high fraction of heavy metals; when there are high organic quantities, swift
acidification may take place, as well as the reduction in pH and production of volatile
fatty acids in long sequences, which can stress and inhibit the methanological activities
performed by the group of microorganisms during the AD process [29].

Ref. [30] carried out a review study on co-digestion using sewage sludge as a substrate.
The study generally showed an increase in energy generation and a decrease in GHG
emissions, in addition to being an economically viable option.

According to [29], the main co-substrates employed in ANCO research with USW
found in the literature are related to: sewer sludge (48%); food residuals (33%); animal
waste (9%); agro-industrial (5%); and algae (5%). Furthermore, the authors concluded that
the biogas generated from ANCO from OFUSW with other residuals with complementary
characteristics is a feasible and viable option to improve methane production.

Ref. [6] carried out a study on the economic viability and energy generation of MSW,
comparing landfill disposal, anaerobic digestion, incineration, and a combination of AD
and incineration. Incineration proved to be the most effective in terms of energy generation.
As for economic viability, the sanitary landfill expressed more positive values, although it
was the least environmentally viable technique.

Ref. [31] evaluated ANCO from sewer sludge, USW, and plant pruning clippings to
improve the synergy, stability, and optimization of the biogas production process. Their
results increased CHy production from 3.4% to 19.1%. Ref. [32] analyzed the potential for
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biomethane and hydrogen generated from the co-digestion of USW and winery byprod-
ucts and achieved an increased ANCO production rate compared to DA, resulting in
37.9 GgCHy in 2018, This is significant considering that the potential for CH, in 2018 from
DA of OFUSW was 2.8 GgCHy per year ..

Ref. [33] investigated the co-fermentation activity between residual activated sludge
and food waste for the production of carboxylic acids. The authors concluded that the
co-fermentation yield was higher (96 mgCOD/gVS) than the mono fermentation yield
(72 mgCOD/Gvs).

Ref. [34] studied the optimization of methane fermentation to utilize food waste
products. The authors observed a significant relationship between substrate composition
and biogas productivity.

The performance of methane production and the metabolic process of combined
fermentation of coal and corn stover was investigated by [35]. The authors concluded that
methane production from the combined fermentation of coal with higher coal content and
corn straw showed a better synergistic effect due to the degradation products of cellulose
and hemicellulose in corn straw and the dissolved organic matter in the liquid phase.

Several studies have investigated the economic viability of biogas usage using Net
Present Value (NPV) and Levelized Cost of Electricity, demonstrating the potential in-
volvement of monodigestion with OFUSW (MOCO) and/or ANCO with other residuals.
Refs. [6,36,37] evaluated the economic viability of generating electricity from sanitary
landfills and anaerobic reactors in the state of Minas Gerais. This study demonstrated
that the state would benefit from the electrical energy generated: 15,400 MWh/year with
an installed power capacity of 3200 kW generated by the OFUSW. The authors concluded
that it is possible to produce electric energy using biogas derived from the decomposition
of OFUSW in sanitary landfills or through anaerobic digestion, and that the economic
feasibility of this process depends on the electrical energy rates.

Considering that most SW is destined for sanitary landfills and that there is potential
energy to be captured, a study from [38] contributed to evaluating the feasibility of energy
derived from OFUSW. Ref. [38] estimated the potential electrical energy that could be
supplied by SL biogas in Brazil and concluded that the available energy can vary from
337 MW to 601 MW until 2030. Furthermore, the authors estimated that the minimum
population required to enable this type of undertaking is 200,000 inhabitants; 221 of the
5570 municipalities in Brazil fit this characteristic [39]. The power increases even more
when considering anaerobic biodigesters, as demonstrated by a study from the Energy
Research Enterprise (EPE—Empresa de Pesquisa Energética in Portuguese), which reached
the value of 868 MW, compared to a total of 134 GW available throughout the country.

In another study, Ref. [37] evaluated the energy potential and economic viability of
generating electricity from USW in SL for two important Brazilian states. The energy
results demonstrated a power availability of 139.5 MW for the state of Sao Paulo and
14 MW for Minas Gerais. The economic feasibility was confirmed, and the scenario for
energy compensation obtained the best results in both states.

There is a scarcity of studies in the literature that assess the economic feasibility of
biogas energy derived from ANCO using OFUSW and LM. In light of this, the present
study addresses the need for greater knowledge regarding economic viability studies on
ANCO using these two solid wastes for energy usage. Assuming, according to studies
citing LM as a co-substrate, that co-digestion with this industrial waste increases methane
production per digested OFUSW, the objective of this study is to assess if this invest-
ment is economically viable. Therefore, the study can contribute to the development of
an alternative that may increase biogas generation in anaerobic environments, enabling the
generation of electricity from a renewable energy source for use, especially at a local level.
This can stimulate the diversification of the Brazilian electrical grid, reduce emissions, and
avoid environmental impacts.
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2. Results and Discussion
Energy Produced and Economic Viability

The calculations for the results were based on the most significant result from [26] for
CHy. Compared to [27], the study of [26] presented more suitable conditions to make the
project feasible, achieving a population 7.7 times smaller. In [26], for every 50 g of OFUSW,
5 g of LM was added to the co-digestion to obtain a proportion of 0.1 LM /OFUSW. This
proportion enabled the estimation of the quantities necessary for co-digestion in tons/year
for both materials. The average daily volume of CH, generated for each 50 g of OFUSW
was 0.00006923 m>/day, resulting from a volume of 2700 mL of CH, produced in 39 days of
experimentation. Thus, the proportion of CHy volume generated daily and OFUSW added
to the co-digestion resulted in approximately 0.001 m3 of CHy per kilogram of OFUSW.

The established proportions also enabled the determination of the minimum pop-
ulation of 165,200 inhabitants needed to reach a positive NPV. Table 1 summarizes the
necessary quantities of USW, OFUSW, and LM, along with presenting the estimated CHy
volume, power, and energy available per year associated with this population.

Table 1. Materials results, CHy, power, and energy for the minimum population needed for economic
feasibility (NPV > 0).

Population USW OFUSW LM CH,4 Power Energy
(Inhab.) (t/Year) (t/Year) (t/Year) (m3/Year) (kW) (MWh/Year)
165,200 62,649.62 28,380.28 2838.03 39,295.77 10.96 76.79

Thus, for a population of 165,200 inhabitants, a USW production capacity of
62,649.62 t/year was obtained. Considering that in Brazil, the organic fraction of this
waste accounts for 45% of the total USW generated [9], the capacity of FORSU produced
by this population was 28,380.28 t/year. Therefore, the proportion of LM used was
2838.03 t/year. A CHy production capacity equal to 39,295.77 m3/year was obtained
for this proportion. Some studies have demonstrated a strong relationship between sub-
strate composition and the biogas productivity produced, depending on organic load
and temperature parameters. The study by [33] evaluated the biogas production from
co-fermentation between waste-activated sludge (WAS) and food waste (FW). The authors
obtained a higher yield in biogas production when there was a higher concentration of FW;
therefore, the higher the percentage of organic load, the higher the fermentation yield. For
the scenario with a percentage of 50% WAS and 50% FW, the yield was 489 mgCOD/gVS.
When the percentage of FW in the mixture was decreased to a ratio of 70% WAS and
30% FW, the fermentation yield decreased to 419 mgCOD/gVS, and in a mixture with
a percentage of 90% WAS and 10% FW, the yield decreased to 175 mgCOD/gVS. In addi-
tion, the authors found that the impact of buffer capacity with co-fermentation was higher
(96 mgCOD/gVS) compared to the monofermentation (72 mgCOD/gVS).

Temperature is also a deterministic factor in fermentation activities. According to [34],
a higher biogas yield was obtained under mesophilic temperature conditions (37 °C) than
under thermophilic temperature conditions (55 °C). For mesophilic conditions, the authors
obtained a biogas yield of 740.4 4+ 19 cm3gODM ™!, containing 68.6 + 1.8% CH4. Under
thermophilic conditions, the biogas yield decreased from 2.1 to 2.8 times
(108.8 £ 12.6 cm3gODM ! to 274.7 £ 15.9 cm3gODM!). Thus, the percentage of CH,
under thermophilic conditions was 59.5 & 2.1%. Furthermore, the authors found that
for an organic load greater than 6 gODM.dm-3.d-1, metabolic activity was inhibited, and
thus biogas production decreased. Based on the studies presented, it can be seen that
co-digestion improves CHj yield, and the choice of the ratio 90% USW to 10% LM ensures
a better yield and higher energy potential.

From an energy perspective, the power that would be generated relative to the popula-
tions was estimated from the volume of CHy calculated to be produced. It should be noted
that the energy generated resulted in 76.79 MWh/year for the minimum population, which
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was classified as the microgeneration distribution. It is worth mentioning that the study
in [37] obtained a result of 450 kW for a population of 150,000 inhabitants under conditions
similar to those considered in this article, indicating considerably more significant than
those presented here.

Regarding the economic analysis, the graph in Figure 1 summarizes the revenue
generated, the costs of O&M, and the cash flow throughout the 20-year project. In year 0, it
was possible to identify the Iy as USD 52,586.93, with no revenue and operation, as per the
previously outlined presumptions. In the following years, the estimated revenue was USD
8892.21, O&M costs were USD 2629.35, and cash flow was USD 6262.86 per year. Every
eight years, as observed in years 8 and 17, the O&M costs included the change of the motor
generator, adding USD 6245.02 to this category.

The first positive NPV was USD 6.63 (Figures 1 and 2) and was used to determine
the minimum population. The payback period was approximately 20 years, which was
the time stipulated for the project. Thus, the IRR reached 9%, enabling the recovery
of the investment and reaching the MARR. It should be noted that a population of
200,000 inhabitants could be considered to make the project attractive (IRR > MARR).
With this population, the NPV would be USD 8750.87, the IRR would accumulate 11.15%,
and the payback period would be in approximately 14.04 years.

$15,000

l.ll.ll.ll.ll.ll.ll.llll.ll.ll.ll.ll.ll.ll.ll.llll.ll.ll.l

-$5,000
5150000123 8 9 10 11 12 13 14 15 16 17 18 19 20
-$25,000
-$35,000
-$45,000

-$55,000
Years

B Revenue M O&M Costs M FCt (cash flow)

Figure 1. Revenue, O&M costs, and cash flow for the minimum population needed to guarantee
economic feasibility (NPV > 0).

20,000

10,000
¢ 000y “C00y %G00y %000y 100,00,%20g T00p 16000, 18000, 200,000

-10,000

-20,000

NPV (USD)

-30,000

-40,000

-50,000 — -
Population (inhabitants)

Figure 2. NPV graph compared to population size.
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The results of the calculations for the net present value of the unit cost for electric-
ity throughout the project, known as LCOE, started at 195.67 USD/kWh and reached
0.1093 USD/kWh (Figure 3) for the minimum population. When compared to the rate of
0.1158 USD/kWh used to calculate the energetic compensation for the Distributed Genera-
tion (DG) system, this result demonstrated that the costs to generate 1 kWh were less than
the compensation rate. If the population were considered to have 200,000 inhabitants, the
LCOE would be 0.0989 USD/kWh.

Thus, it should be noted that Brazil has 180 municipalities with populations greater
than the minimum for economic feasibility [39]. Therefore, considering only population as
a factor, there is potential for this paper’s proposal in all of these cities. Furthermore, the
results are advantageous for populations with fewer than 200,000 inhabitants to enable sani-
tary landfill energy usage projects, as calculated by [38,40]. They foresaw that the minimum
necessary population to become financially attractive would be 339,000 inhabitants.

Even if it is not feasible in cities with smaller populations, it is essential to assess this
potential for public policies to be made to make the process viable. As 94% of municipalities
in Brazil have less than 100,000 inhabitants, a partnership between neighboring cities can
be established. According to [41], increasing the flow of waste to be treated can increase
the energy produced and reduce MSW management and generation costs in these cities.
Public consortia can ensure greater efficiency in applying public resources that allow the
adoption of joint solutions for treating urban solid waste [42].

LCOE
s LATIEL

50,000 100,000 150,000 200,000

Population (inhabitants)
Figure 3. LCOE graph compared to population on a logarithmic scale.

However, the minimum population does not guarantee the attractiveness of the project
as an investment. Furthermore, the population criterion is just one of the influencing factors
for the economic analysis. To evaluate conditions in which the proposal is financially
attractive and to contemplate the uncertainties associated with the variations in the price of
energy, a sensitivity analysis was carried out [43].

Tables 2 and 3 present the results of rate variations between 80% and 120%, varied at
intervals of 10%. Payback times of 15 and 10 years were considered. When payback was
set to 10 years, it can be noted that the demands for the project to be feasible increased. The
population is one of the variables that suffers most from a reduction in energy rates, along
with the materials necessary for CHy co-digestion.
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Table 2. Sensitivity analysis for 15-year payback, between 80% and 120% of the energy rate, varied at
10% intervals.

15-Year Payback

Rate Variation

ftem —20% ~10% 0% 10% 20% Unidade
Rate 0.093 0.104 0.116 0.127 0.139 USD/kWh
Population 323,650 239,550 190,150 157,600 134,600 inhab
OFUSW 55,600.95 41,153.12 32,666.53 27,074.65 23,123.40 t/year
LM 5560.10 4115.31 3266.65 2707.46 2312.34 t/year
CHy 76,985.93 56,981.25 45,230.57 37,487.97 32,017.01 m?/year
Power 21.47 15.89 12.61 10.45 8.93 kWh
Energy 150.44 111.35 88.39 73.26 62.57 MWh/year
Io 75,693 63,429 56,225 51,479 48,125 USD
Cash Flow 10,152.22 8433.36 7423.92 6757.50 6287.89 USD/year
NPV 8014.73 6918.08 6275.85 5840.83 5545.18 usD
IRR 10.53% 10.56% 10.59% 10.61% 10.63% Y%
Payback 15 15 15 15 15 years
LCOE 0.080 0.091 0.101 0.112 0.123 USD/kWh
Table 3. Sensitivity analysis for 10-year payback, between 80% and 120% of the energy rate, varied at
10% intervals.
10-Year Payback
Rate Variation )
ftem —20% ~10% 0% 10% 20% Unidade
Rate 0.093 0.104 0.116 0.127 0.139 USD/kWh
Population 581.200 379.050 281.250 223.550 185.500 inhab
OFUSW 99.846,36 65.118,31 48.316,91 38.404,43 31.867,69 t/year
M 9.984,64 6.511,83 4.831,69 3.840,44 3.186,77 t/year
CHy 138.248,80 90.163,81 66.900,34 53.175,36 44.124,49 m3/ year
Power 38.55 25.14 18.65 14.83 12.30 kWh
Energy 270.16 176.19 130.73 103.91 86.23 MWh/year
Iy 113.250 83.772 69.510 61.096 55.547 usD
Cash flow 19.364,86 14.174,20 11.663,32 10.181,52 9.204,51 USD/year
NPV 47.419,60 35.115,92 29.166,65 25.652,69 23.336,94 USD
IRR 14.79% 14.76% 14.74% 14.72% 14.71% Y%
Payback 10 10 10 10 10 years
LCOE 0.067 0.076 0.085 0.094 0.103 USD/kWh

For both payback timelines, the Iy values nearly doubled from one extreme to the
other as the energy rate was reduced. The same can be said for NPV and available energy.
The IRR was the parameter least affected, and the attractiveness remained the same in all
cases, which demonstrates the feasibility of the proposal.

The rate reduction, which directly affects the project’s revenue, provoked an increase
in costs, including Iy, O&M, and cash flow. This behavior occurs because the unitary cost
of the equipment remained constant, and it was necessary to spend more on equipment
and greater power to achieve the established payback.

Regarding the minimum population for feasibility, it is worth highlighting that for the
15-year payback, a non-varying rate makes the project not only feasible, but also attractive,
with 190,150 inhabitants, an NPV of BRL 33,765.07 (USD 6275.85), an IRR of 10.59%, and
an LCOE 12.95% below the current market rates. In this payback period, the best result in
terms of population would be with a 20% increase in the energy rates, reaching a population
of 134,600 inhabitants despite the LCOE being 11.51% greater than the currently practiced
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rate. In terms of NPV, decreasing the rate by 20% would make the project more viable and
more attractive, demanding a significantly larger population.

Considering a 10-year payback, there are more difficulties in maintaining the popula-
tion below 200,000 inhabitants, which only occurs when the rate is increased to the extreme
of 20% (0.139 USD/kWh). It should be noted that in this case, the difference between the
rate and LCOE was 25.89% lower compared to the 15-year payback period. The LCOE
for 10-year payback scenarios has lower electrical generation costs in relation to its rates.
Based on the results in Table 3, the best option in terms of NPV, IRR, and LCOE is the 20%
rate increase scenario. Furthermore, comparing the two 20% increases in the two tables,
the 10-year payback would be more attractive and would bring about better conditions for
implementation.

There are some general and important considerations to take from the results of
the economic analysis. Changing out the motor generator every 8 years, which was
a supposition of the project, increases the cost of the endeavor; however, the periodic
maintenance associated with the removal of the other gases could prevent more costly
repairs and reduce the costs involved. It is also worth mentioning that the energy rate did
not incorporate any costs, fees, or taxes, which would reduce the project revenue in a real
application. The daily production of CHy was calculated from the proportion between
the volume of CH, generated and the total consumed mass of OFUSW. This calculation
method does not guarantee great precision, and the use of total solids (TS) would be
necessary to improve accuracy [44]. Furthermore, this same proportion was derived from
an average CHy production figure in a batch experiment (63.23 mL/d), which does not
necessarily represent regular production and high methane yields, whichares expected
and desirable for a continuous flow biodigester [29]. According to [30], the volume of CHy4
obtained, 1.38 m> of CHy per ton of OFUSW, would be low: less than 60 m3 per ton of
substrate. Furthermore, the authors reinforced that the characteristics of the waste material
varied according to the country, region, culture, time of year, and socioeconomic conditions.
Thus, it should be noted that the analyses were based on results conducted in a laboratory
experiment from [26] in conditions which were not identical to those in Brazil. Although
it is important for the technique’s development and indication for use, as in [45], it is
still a long way from the realities in which large-scale and commercial biodigesters exist
and operate.

In light of these considerations, and despite the relatively low production of CH4 and
electrical energy, this study demonstrated that the conditions exist to leverage co-digestion
of OFUSW with LM. There is a need for further study on this alternative in Brazil through
experiments that examine specific technical questions in the country, thus examining its
applicability on a local level, taking into account the economy on a more tangible scale.

3. Methodology

The methodology of this study presupposes the existence of a biodigestion plant with
anaerobic digestors for the co-digestion of OFUSW using LM, originating from munic-
ipalities as well as paper and cellulose industries, respectively. The assumed fermenta-
tion process consists of several phases, including hydrolysis, acidogenesis, acetogenesis,
methanogenesis, and sulfetogenesis [46]. During each stage, OM undergoes a natural sim-
plification of its compounds whereby complex molecules such as carbohydrates, proteins,
and lipids are broken down into simpler molecules such as CHy, CO,, and H,S [47].

Hydrolysis can be a limiting phase of anaerobic digestion. In this phase, hydrolytic
bacteria break down carbohydrates, proteins, and lipids by releasing exoenzymes. This
step results in the production of amino acids, sugars, and long-chain fatty acids, which are
simpler and water-soluble materials [48]. Acidogenesis, on the other hand, is the sequential
and subsequent step to hydrolysis. The compounds generated through hydrolysis are pro-
cessed by acidogenic fermentative bacteria, which release organic acids such as short-chain
volatile fatty acids (propionates and butyrates), alcohols, lactic acid, mineral compounds,
and microbial biomass [48]. This phase is dominated by strictly anaerobic bacteria [49]. The
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next step is acetogenesis, which involves the transformation of volatile fatty acids and other
compounds into acetate, Hy (g), and CO; (g) [48]. Acetogenic bacteria, the microorganisms
responsible for the breakdown of OM, establish symbiotic relationships with methanogenic
archaea [50].

In methanogenesis, 60% to 70% of methane is produced by acetoclastic methanogenic
archaea, which use acetate as a source of carbon and energy [51]. The rest of the methane is
generated by hydrogenotrophic archaea, which consume hydrogen as an energy source
in the presence of CO; [48]. Finally, sulfetogenesis occurs conditionally in the presence
of an OM or a medium containing large amounts of sulfate (SO4%7) [52]. During this
phase, sulfates, sulfites, and sulfur compounds are simplified into H,S. When there is
an imbalance in the fermentation process, sulfate-reducing bacteria can compete with
methanogens, reducing methane production and H,S generation [48,53].

Based on the studies on which this work was based, the conditions for co-digestion
would involve moist digestion (total solids < 15%) in a continuous flow and complete mix-
ture, with fluid heating to maintain the temperature of the mesophilic layer (37 + 1 °C) [26].
For conversion of the biogas chemical energy, the biodigesters would be integrated into
an internal combustion Otto cycle motor coupled to an electric generator (Figure 4). The
energy usage would be assumed to be within a distributed generation (DG) system, with
an energy compensation rate model adopted in Brazil in the private market [54].

Biodigestors

1. "1 | mpip o s s Grid
— - Biogas = » Motorgenerator [~ = = = » Electricity = = =

Figure 4. General framework for a biodigestion plant for producing electricity.

Taking these factors into consideration, the energy and economic aspects of co-
digestion were investigated. The economic feasibility analysis estimated the available
energy and supplied financial indicators for the project.

Energy and Economic Evaluation

The calculations for the generation of electrical energy were initially conducted
in order to obtain the minimum population required to economically enable the co-
digestion between OFUSW and LM. In order to do this, the generation estimates were
calculated in Microsoft Excel spreadsheets, considering an initial population of 50 people
and increasing at the same interval. Based on the USW per capita generation in Brazil
(1.039 kg/person/day) and the proposition of OFUSW (45.3%) [9], the calculations were
conducted to determine the generation for the population in consideration.

The ratio between LM and OFUSW and the average volume of CH4 generated by the
OFUSW were determined in experiments detailed in [26]. Therefore, the annual methane
flow for each population was determined. It was assumed that the food residuals studied
by the authors were equivalent to the OFUSW. This allowed for the computation of the
power to be generated, which was calculated using Equation (1) as adapted from [55]:

1 1
P=QcrsE-Ec-Fep,. (31 536 000 ° 1000) @

where:
P: power available each year (kW);
Qcna: methane flow each year (m3 CH,/ year);
Pcpa: calorific power of methane (equal to 35.53 X 106 J/m3 CHy);
E.: efficiency of the biogas collection (%);
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E: efficiency of the turbine/motor (%);

31,536,000: seconds in a year (s/year);

1/1000: conversion of J/s to kW;

E. was assumed to be 75%, accounting leakage losses and dilution of biogas in the efflu-
ent of 25% [56]. For E, a standard combustion motor efficiency of 33% was adopted [57,58].
Finally, the energy to be generated was calculated as from the product of power, a capacity
factor (CF) of 0.8, and the number of hours in the year (8760 h) [59].

The economic feasibility analysis calculated the parameters of NPV, IRR, LCOE, and
discounted payback, and conducted sensitivity analysis. In order to verify the feasibility of
the project, the net present value (NPV) was calculated, which considers revenue, costs,
and investments converted to the present moment through the interest rate. An investment
is considered viable when the NPV is positive. Equation (2) presents one form of expressing
the calculation.

NPV =YY" _Eet 2)
=L (1 47)!
where:

NPV: net present value (USD);

r: discounted rate (%) (minimum attractive rate of return, MARR);

FCt: cashflow fromt=1tot=n;

t: investment time (years);

Io: initial investment (USD).

The period considered for the project (t) was 20 years as it assumed sulfate treatment
and water removal without encumbering the undertaking [37]. The calculations were car-
ried out on a timeline adopted for each populational increase of 50 individuals. The motor
generator was replaced every eight years [60]. Regarding the cash flow (FCt) involving
revenue and operational and maintenance costs (O&M), the calculations were detailed as
follows, along with Iy. The rate r, or MARR, represents the minimum interest rate that
would justify the choice of the investment endeavor over another investment. In this case,
r was adopted as the equivalent of the Brazilian Selic rate goal for 2024, projected by the
Central Bank of Brazil (BACEN) at 9.0% [61].

Initially, the energy production revenue was calculated in order to obtain the cash
flow. The average rate of USD 0.116/kWh for Brazilian states was used [62] in order to
compensate for the use of energy in the regulated, contracted environment, considering
the hypothesis of energy being fed back into the distribution grid. The O&M costs for the
equipment were set at 5% of the initial investment [63] (Iy) (Equation (3)), which involves
the purchase of equipment and project-related items [64]. The suppliers, models, and
origin of the equipment were based on [55], which used representative technical data of
exclusively Brazilian equipment available in the national market. The investment was
directed towards the purchase of a motor generator, compressors, gasometers, and transport
tubulation for the biogas, expressed in terms of costs or linear meters and not in terms

of units:
CC.BMP

Iy = (CG.BMP.D
o= (CG.BM )+( o

) + (CP.L) + (CM.P) 3)
where:

Ip: initial investment (USD);

CG: unitary gasometer cost (USD/m?);

BMP: daily methane production potential (m3/day);

D: number of days of accumulated gas;

CC: unitary compressor cost (USD/m?/h);

CP: biogas tubing cost (USD/m);

L: length of biogas tubing (m);

CM: cost of internal combustion motor (USD).

Table 4 summarizes the equipment and their unitary costs in dollars (USD) [55]. The
costs were adjusted for inflation using theIlGP-M index [65] and considering the conversion
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of BRL 5.38 for each USD 1.00 [66]. The tubing required for the collection and transportation
of the biogas was estimated at 200 linear meters, and the number of days of accumulated
gas was 3 [67]. The final costs for the remaining equipment were determined based on the
power and BMP. With the O&M and I costs established, the cash flow was obtained, and
subsequently, the NPV was determined for each year based on each population.

Table 4. Summary of the required equipment and their respective relative costs, updated in [65].

Equipment Gasometer Compressor Biogas Tubing Motor Generator
Unit Cost 51.29 USD/m? 284.97 USD/(m3/h) 142.48 USD/m 569.93 USD/kW
Source: [55].

Next, the project’s attractiveness parameter was calculated: the internal rate of return
(IRR) of the endeavor. Despite the NPV indicating project viability for specific conditions,
the IRR adds to the level of attractiveness of the undertaking for an economic feasibility
analysis. The project is attractive and viable when the IRR > MARR and is not attractive
when the IRR < MARR. If IRR = MARR, it does not present economic benefits or disad-
vantages and is indifferent as an investment [68]. The calculation of IRR is performed
using the equation for NPV (Equation (4)), substituting r for IRR and making NPV equal
to 0. Furthermore, the period of time for the initial return on investment, payback, was
calculated based on the discounted cash flow.

FCt

o=Y" ——— _Jo 4
=1 (14 TIRr)' @

The Levelized Cost of Energy (LCOE) is calculated using the ratio between the sum
of the total costs of the project (Ip and O&M) and the sum of energy generated each year.
The LCOE was obtained (Equation (5)) for a 20-year period. With this information, it was
possible to analyze the cost behaviors for the generation of 1 kWh (USD/kWh) and compare
them to the rate used to ascertain the revenue. This also indicates the minimum cost of
revenue per kWh needed to sustain O&M, Iy, interest, and the return on investment [69]:

CT
LCOE = TP ®)
where:

CT: total costs of the project;

EP: total energy produced over the time of the endeavor.

In order to conduct the sum of annual costs (CA¢) and obtain the CT, Equation (6) was
used. The costs in year 0 were different from the others only in the substitution of O&M
for Ip:

O&M

(1+7)

CAt = ©)
where:

CAt: costs in year t;

r: interest rate (%);

t: year of the investment.

Finally, in order to determin the total energy generated, the energy for each year (EA;)
was calculated using Equation (7), assuming that no electrical energy generation would
occur in year 0:

EA

(1+r)t

EA; = (7)
where:

EA: energy generated in year t;

r: interest rate (%);
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t: year of the investment.

Considering that the calculations above were elaborated to determine the minimum
population for economic feasibility (NPV > 0), a sensitivity analysis was conducted not
only to determine the attractiveness of the project (IRR > MARR), but also to account
for uncertainties, which are inherent to any investment endeavor. This analysis involves
the variation of an independent variable in the calculations to evaluate the impact on
the results [43]. Thus, for the sensitivity analysis, payback periods of 10 and 15 years
were prepared, with the energy rate varied between 80% and 120% of the initial value of
0.116 USD/kWh (100%), in 10% intervals.

4. Conclusions

The economic evaluation made it possible to determine the minimum feasibility con-
ditions and its main results. A minimum population of 165,200 inhabitants resulted in
a CHy yield of 39,295.77 m®/year and an available energy of 76.79 MWh /year, which
was below the threshold of 200,000 inhabitants. The study resulted in a positive NPV of
USD 6.63 with a payback period of 20 years. The IRR was 9% and the LCOE started at
195.67 USD/kWh and reached 0.1093 USD/kWh. Thus, the results found in the literature
demonstrate an advantage for the use of LM in co-digestion with OFUSW, which could
be applied in more than 180 Brazilian municipalities. However, Brazil has 5000 munic-
ipalities with a population of fewer than 165,200 inhabitants. Therefore, politics public
can be created, such as the formation of consortium groups among these municipalities to
treat waste in an environmentally appropriate way and produce more sustainable energy.
Other public policies, such as the reduction or exemption of taxes and fees on the sale of
renewable energy, can contribute to making the enterprise more economically viable while
encouraging the use of cleaner energy and low carbon emission in the country.

Moreover, to make the project attractive and viable, the sensitivity analysis demon-
strated that the energy rate of BRL 0.748 (USD 0.139) for a 10-year payback provides
a balance between the minimum population of 185,000 inhabitants and the other indica-
tors such as NPV, IRR, and LCOE. Reducing the energy rates would impose considerable
demands on the feasibility and attractiveness of the project. However, regardless of the
circumstances, the economic feasibility for OFUSW with LM was established through
this analysis.

It is worth highlighting that the considerations, approximations, and technical/
methodological choices made throughout this study are relevant to the results and should
be considered to the adequately understand of the study’s overall application. According
to some studies, the characteristics of waste materials vary according to the country, region,
culture, time of year, and socioeconomic conditions related to the population that generates
them. In light of this, the studies used in this paper focused on countries other than Brazil,
thus highlighting the need for a greater technical understanding of this alternative with
data that more closely represent the country in question. Furthermore, it is worth noting
that the project’s economic feasibility can improve with the incorporation of costs, fees,
and taxes in the energy rates, along with periodic maintenance of the motor generator and
removal of other biogases. Finally, the difference in scale observed in the generation of
CHy and, in turn, the available energy and power, reinforces the need for further studies
on co-digestion.

In Brazil, there are many difficulties to be faced, including the adequate generation
of USW, the diversification of the electrical energy matrix with renewable energy, and
deriving value from waste products. However, studies such as this should serve as an
incentive for overcoming these challenges. In general, through the economic evaluation
conducted and considering the possible practical consequences of the results obtained, it
is understood that co-digestion of OFUSW with LM stands out as a feasible alternative to
other environmentally sound disposal methods for these materials. Furthermore, there is
the potential for savings of financial resources for industries and public institutions, as well
as the reduction of environmental impacts. The proposal is also aligned with the global
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trend towards circular economies as it reintroduces materials into the value chain that
were previously discarded without added value. Thus, it can be concluded that the results
obtained present economic feasibility that lays the groundwork for further study into the
proposal and rational, sustainable, and economically feasible use of biogas from OFUSW
with LM.

Considering that the potential of biogas generation from the co-digestion of OFUSW
and LM offers efficiency in the reduction of environmental impacts, both in terms of MSW
management and energy, it is suggested that future studies should deepen the economic
analysis through a stochastic analysis, as this was a limitation of the current study. A life
cycle analysis is also recommended to demonstrate the environmental viability of energy
derived from OFUSW and LM.
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